Inherited mitochondrial optic neuropathies, such as Leber's hereditary optic neuropathy (LHON) and Autosomal dominant optic atrophy (ADOA) are caused by mutant mitochondrial proteins that lead to defects in mitochondrial complex 1-driven ATP synthesis, and cause specific retinal ganglion cell (RGC) loss. Complex 1 defects also occur in patients with primary open angle glaucoma (POAG), in which there is specific RGC loss. The treatment of mitochondrial optic neuropathy in the US is only supportive. The Ndufs4 knockout (Ndufs4 KO) mouse is a mitochondrial complex 1-deficient model that leads to RGC loss and rapid vision loss and allows for streamlined testing of potential therapeutics. Preceding RGC loss in the Ndufs4 KO is the loss of starburst amacrine cells, which may be an important target in the mechanism of complex 1-deficient vision loss. Papaverine and zolpidem were recently shown to be protective of bioenergetic loss in cell models of optic neuropathy. Treatment of Ndufs4 KO mice with papaverine, zolpidem, and rapamycin-suppressed inflammation, prevented cell death, and protected from vision loss. Thus, in the Ndufs4 KO mouse model of mitochondrial optic neuropathy, papaverine and zolpidem provided significant protection from multiple pathophysiological features, and as approved drugs in wide human use could be considered for the novel indication of human optic neuropathy.
Introduction
Inherited mitochondrial optic neuropathies, such as Leber's hereditary optic neuropathy (LHON) and autosomal dominant optic atrophy (ADOA) are the leading causes of blindness due to mitochondrial protein mutations (1) . These inherited diseases lead to neurodegeneration of the retina and optic nerve, and currently there are no treatment options for LHON or ADOA patients in the US, only supportive therapy (2) . A defect in mitochondrial complex 1-driven ATP synthesis has been noted in LHON and ADOA cells (3, 4) . Also, patients with primary open angle glaucoma (POAG) have defects in complex 1-driven ATP synthesis (5) , and there is growing evidence that mitochondrial dysfunction may contribute to the pathogenesis of POAG (5) (6) (7) (8) (9) (10) .
In all three diseases, there is preferential death of retinal ganglion cells (RGCs), suggesting a link between mitochondrial complex 1 defects and RGC death. Pathologic symptoms of LHON and ADOA are commonly mistaken for symptoms of glaucoma, which highlights the broader importance of mitochondrial deficiency in optic neuropathy (11) .
The Ndufs4 knockout (Ndufs4 KO) mouse is a severe mitochondrial complex 1-deficient model that develops vision loss at P30 (12) . The pathological phenotype of the Ndufs4 KO retina includes loss of rod bipolar cells (RBCs) (13) , loss of starburst amacrine cells (SBACs) at P24, elevated innate immunity and inflammation and loss of vision at P30 days, and RGC degeneration at P42 days (14) . The Ndufs4 KO mouse is an important model in understanding the connection between mitochondrial dysfunction and vision loss. We previously characterized the phenotype of this mouse on the functional, cellular, and molecular level (14) . As described in Datta et al. (2016) , we recently screened the Pharmakon collection of 1600 FDA-approved/ clinically-evaluated drugs for their ability to protect from a biochemical defect in mitochondrial complex 1-deficient cells, identifying papaverine and zolpidem as protective (4) (Fig. 1 ). Here, we tested the effects of papaverine and zolpidem that were protective in the cell model of LHON (4) in a mouse model of complex 1-defciency. In addition, we tested the effects of rapamycin, which extended lifespan in Ndufs4 KO mice (15) , and idebenone, which is currently supported as a drug for LHON treatment (16) . We observed that papaverine, zolpidem, and rapamycin preserved visual function, protected retinal cells from death, and rescued from an innate immune and inflammatory response that occurs at the time of vision loss. These data suggest that the approved drugs papaverine and zolpidem could be considered as potential therapeutics for human optic neuropathy.
Results

Visual function protection after drug treatment
Papaverine and zolpidem were identified as novel mitochondrialprotective compounds in vitro ( Fig. 1) (4) , and then were dosed at 20 mg/kg i.p. as described in the methods in the Ndufs4 KO mouse model of mitochondrial optic neuropathy that we have previously described (14) . Following 2weeks of drug and vehicle treatment, evaluation of visual function was performed via visual cliff assay (17) (Fig. 2A ) in control and Ndufs4 KO mice. Papaverine, zolpidem, and rapamycin significantly preserved the visual function of the Ndufs4 KO mice in the visual cliff assay at P35 (Fig. 2B ). Ndufs4 KO mice that received treatment with papaverine, zolpidem, or rapamycin displayed two to three edge detections during a 1-min time frame and showed signs that visual function was intact. In contrast, Ndufs4 KO that received vehicle injections were assessed to be blind and typically displayed zero edge detections. The slow angled-descent forepaw grasping (SLAG) (18) test was also performed after papaverine treatment to confirm visual function protection (Fig. 2C) . Treatment with papaverine produced a significant increase in the number of SLAG(þ) mice. Additionally, visual function was evaluated by electroretinogram (ERG) and a-and bwave amplitudes were measured, which confirmed that Ndufs4 KO mice have a reduction in visual function as shown by a significant decrease in a-and b-wave amplitude (Supplementary Material, Fig. S1 ). However, drug treatments did not produce significant recovery of a-and b-wave amplitudes. Idebenone was not observed to protect in the visual cliff assay.
Starburst amacrine cell protection
We previously demonstrated that starburst amacrine cells (SBACs) are quite sensitive to mitochondrial deficiency (14) , possibly because amacrine cells have been shown to have dopaminergic character with greater reliance on mitochondrial function (19) . Thus, the ability of drugs to protect SBACs from death was measured. Whole retinas from mice that received either vehicle or drug treatment were collected and processed for immunofluorescent staining with a SBAC-specific ChAT antibody (Fig. 3A-F) . Vehicle-treated Ndufs4 KOs had a significant reduction in SBACs (>30% decrease), as expected. Zolpidem and rapamycin significantly protected from SBAC loss (Fig. 3) , whereas papaverine produced a trend of increased survival of SBACs, but was not statistically significant. Idebenone did not protect SBACs.
Suppression of innate immunity and inflammation
We previously demonstrated an 'inflammatory wave' that occurred concurrently with vision loss in Ndufs4 KO mice (14) , and these transcripts were tested by qRT-PCR. Gene expression of B2m, Tlr2, Cxcl10, Ccl5, Aif1, and Cd68 were evaluated in the Ndufs4 KO retinas. All six of these inflammatory markers are highly elevated in the Ndufs4 KO retina. All four drugs significantly suppressed innate immune markers, B2m and Tlr2 ( Fig. 4A and B) ; and markers of cytokine signaling, Cxcl10 and Ccl5 ( Fig. 4C and D) . Papaverine, zolpidem, and rapamycin significantly inhibited the expression of microglial activation genes, Aif1 and Cd68 ( Fig. 4E and F) , idebenone had no significant effect in suppressing microglial activation at the RNA level.
Inhibition of microglial activation
Using whole mount retinas, we measured the expression of Iba1, which is an inflammatory microglial protein encoded by the Aif1 gene, in vehicle and drug-treated mice. We observed increased microglial count and activation in the inner nuclear layer and the inner plexiform layer of the Ndufs4 KO retina, in agreement with our previous observations (14) . Additionally, the morphology of the microglia transitioned from a classical resting to an activated state (Fig. 5) . Papaverine significantly inhibited microglial activation (reduced the volume of Figure 1 . Drug discovery. Papaverine and zolpidem were two drugs discovered from a library of 1600 drugs. They were able to reverse the biochemical defect in mitochondrial deficient cell lines in a dose-dependent manner. These drugs were then used in a complex 1 deficient mouse model. Iba1-positive microglia) to wild type control levels; other drugs did not produce statistically significant differences (Fig. 5 ).
Discussion
Mitochondrial complex 1 defects cause vision loss in LHON, ADOA and POAG. The pathophysiological mechanism has been suggested by others as mitochondrial defects trigger REDD1 transcription, and an inhibition of mTOR, causing RGC death (20, 21) . The role of mitochondrial deficiency in optic neuropathy is not well understood, and frequently, inherited mitochondrial optic neuropathies are commonly mistaken for symptoms of glaucoma (11) , highlighting the heterogeneity among mitochondrial optic neuropathy. To better understand the role of mitochondrial deficiency in optic neuropathy we tested two drugs, papaverine and zolpidem, which were recently shown to protect LHON cells from mitochondrial complex 1-mediated defects in ATP synthesis in vitro (4). Additionally, we treated the Ndufs4 KO mice with rapamycin, which has been shown to extend the lifespan of these mice (15) ; and idebenone which is the only approved treatment for LHON in Europe. Each drug was evaluated on their efficacy in preserving visual function, preventing cell death of SBACs, and suppressing the innate immune and inflammatory response in the retina in the context of complex 1-mediated vision loss.
We took a repurposing approach to drug discovery in which we screened 1600 drugs based on mitoprotective function. Although all these drugs that we tested have different known primary targets, papaverine and zolpidem dosed at higher concentrations target other canonical pathways that stimulate mitochondrial function in a dose-response manner (4). Papaverine has been traditionally used as a vasodilator (22); and zolpidem, a GABA A agonist, classically used as a sedative (23). This 'targetblind' approach identifies drugs based on their functional effects rather than their suspected targets.
Papaverine, zolpidem, and rapamycin all had effects in the Ndufs4 KO retina that prevented the visual dysfunction observed in vehicle-treated Ndufs4 KOs. Since the usual antecedent of the vision loss, the 'inflammatory wave' was also inhibited, we suggest the mechanism mitochondrial complex 1 defect ! cell death ! inflammatory wave ! vision loss, and that the drugs work to protect mitochondrial bioenergetics at the earliest step (4). In the case of papaverine, there is a very potent suppression of microglial activation, decreasing this parameter down to wild type levels. By contrast, rapamycin's most potent effect was protecting SBACs from death. Zolpidem, although was not the best in inhibiting microglial activation or SBAC apoptosis had an intermediate effect in both of these components, which may underlie its protection from vision loss.
Although there was a noticeable difference in visual function of the Ndufs4 KO mice treated with papaverine, zolpidem, and rapamycin as seen with visual cliff and SLAG assay there were no major improvements in a-and b-wave amplitudes in ERG that correspond to outputs of photoreceptors and bipolar cells, respectively (24) . Our previous study showed that SBACs were the earliest cells to degenerate (14) , thus the improved vision could be the result of protection of the direction-selective SBACs and decreased inflammation. The full-field ERG is not tuned to assess the contributions of the inner retina (RGCs and amacrine cells), however measurements of oscillatory potentials provide information about neural interactions of the proximal retina among the bipolar cells, amacrine cells, and ganglion cells (25) . Similar to the a-and b-wave, the oscillatory potentials were not statistically different in vehicle-versus drug-treated Ndufs4 KO retinas (Supplementary Material).
Aside from RGCs in the ganglion cell layer (GCL), the only other neurons are displaced amacrine cells, which account for $50% of the cells in rodent GCL. Specifically, SBACs account for $20% of all the displaced amacrines (26) . An analysis of the GCL in primates reported that displaced amacrine cells make up Statistical significance determined by two-tailed student's t test. *P < 0.05, **P < 0.01 ***P < 0.001, ****P < 0.0001. (c) Graphical representation of slow angleddescent forepaw grasping (SLAG) in wild type (n ¼ 4), Ndufs4 KO veh-treated (n ¼ 4), and Ndufs4 KO PPV-treated (n ¼ 6) mice. Statistical significance determined by Chi-square analysis. *P < 0.05.
$6% of total neurons in the central region of the retina and $70% in the periphery (27) . Their close proximity to and direct connectivity to RGCs play a key role in RGC functionality. In LHON it is observed that the GCL and inner plexiform layer are significantly decreased (28) (29) (30) , however, RGC loss may be mediated by other retinal cell types. Therefore, it is important to look more closely at the importance of amacrine cells in visual function, and how drugs affect their survival in the Ndufs4 KO.
At the cellular level, we examined the effect of drug on the SBACs because there is a significant loss of this cell population in the retina even before vision loss and RGC death is observed (14) . SBACs are interneurons in the retina that are important in signal transduction (31) . SBACs receive input from bipolar cell terminals and synapse onto ganglion cells or other amacrine cells. During development SBACs are important in the formation of visual circuits. After development SBACs have a primary role in generating directional signals relayed to directionselective ganglion cells. SBACs uniquely release excitatory (acetylcholine) and inhibitory (GABA) neurotransmitters (31) . Additionally, it has been found that mitochondrial complex 1 inhibition by rotenone causes a preferential loss of dopaminergic amacrine cells (19, 32) . Although the hallmark characteristic of LHON, ADOA, and POAG is ganglion cell loss, the pathophysiological mechanism in the Ndufs4 KO suggest that the key cell types affected prior to vision loss are SBACs and bipolar cells (13) , and that these cell types should be potential targets of interest in developing therapeutics.
In humans with ADOA, inherited OPA1 deficiency causes a decrease in mitochondrial function and vision loss. We observed a consistent Opa1 deficiency in Ndufs4 KO mice (14) . It has been reported that the OPA1 gene (the defect of which causes ADOA) is important in RGC and amacrine cell function. Additionally, there has been a link between the mitochondrial protein, OPA1, and SBACs in intrinsic signal processing of the inner retina (33) . We hypothesize that the inflammation may be a response to cell death of SBACs as a result of vulnerability to the mitochondrial bioenergetic defect. The loss of SBACs then initiates the decline in signal transduction and visual function. This is further supported by an increase in microglia in the inner nuclear layer and the ganglion cell layer, where the SBACs reside, to phagocytize apoptotic cells (14) . Retinal ganglion cells were not examined in these experiments since there were no changes in cell count at the time of vision loss (14) . Also, the death of SBACs precedes functional loss and we wanted to target cells that are affected prior to vision loss to effectively prevent it from occurring.
In the Ndufs4 KO, it is clear that inflammation is playing a key role in the neurodegeneration of the retina and that the peak of inflammation is occurring right before or at the time of vision loss in these mice, which further supports the need of drugs that are able to inhibit the inflammatory response. In LHON and ADOA patients, there has been a report of the presence of macular microcysts, which have been observed in inflammatory optic neuritis and suggest an inflammatory nature to mitochondrial optic neuropathies (34) . Similarly, neuroinflammation has been reported to be a major contributing factor to the mechanism of glaucoma (35, 36) , further suggesting similar pathological mechanisms between LHON, ADOA, and POAG. We do not believe that papaverine and zolpidem are acting primarily as anti-inflammatory molecules, but are working to protect mitochondria function in the context of complex 1 deficiency and thereby suppressing the inflammatory response.
Currently, the approved treatment for LHON in Europe is idebenone, so we analyzed the effect of systemic idebenone in the Ndufs4 KO retina. Idebenone inhibited cytokine signaling (Cxcl10and Ccl5) significantly, providing some suggestion of protection; however, did not decrease microglial activation. In addition, idebenone had no effect in preserving SBACs. Idebenone was dosed in Ndufs4 KO mice at more than 10-fold higher concentration (200 mg/kg) than that given in human clinical trials (11.25 mg/kg; given an 80 kg adult) (16) . Idebenone did have a strong effect in inhibiting the cytokine signaling as seen with Cxcl10 and Ccl5, demonstrating that the dose is having an effect in the mouse retina, however that did not translate into functional preservation or cellular protection. Similarly, in a mouse model of ADOA, idebenone treatment was ineffective in protecting RGCs from dendropathy (37) .
Papaverine is the most potent molecule shown to protect the LHON-specific ATP synthesis defect in vitro (4), it also protects visual function in the Ndufs4 KO mice as confirmed by visual function assays, and is the most potent inhibitor of retinal inflammation as determined by suppression of microglial activation. Furthermore, moxaverine, a papaverine analog has been tested in human and rabbit subjects and has shown to increase ocular blood flow, indicating that the drug reaches the posterior region of the eye when given systemically and topically via eye drops (38, 39) . These preclinical data suggest that papaverine and its analogs could be considered for the treatment of mitochondrial vision loss. Papaverine is not currently approved in the USA, but is approved in Europe as an injectable.
Zolpidem also known as Ambien, is in general use in the USA as an orally-dosed sleep aid. Zolpidem significantly protected SBACs from death and from complex 1-dependent increase in inflammatory transcripts. Because of its approved status in the USA and elsewhere, and its protective nature in LHON cells and the mouse model of optic neuropathy, zolpidem could be considered for complex 1-dependent optic neuropathy. Additionally, it is possible that zolpidem could be administered intraocularly rather than systemically, thus focusing the effect on the retina with minimal sedative effects.
Papaverine and zolpidem were previously shown to increase ATP synthesis in complex 1-deficient cells in vitro (4). The mechanism by which both are acting is still largely unknown, but we believe that papaverine is acting through a compensatory mechanism to increase complex 2 activity by direct targeting a cytosolic or plasma membrane target; and zolpidem is acting to restore complex 1 activity through a cytosolic or plasma membrane target (Supplementary Material) (4). In Yu et al. (2015) we described two possible causes of complex 1-mediated cell death. The first was necrosis, i.e. complex 1 defect ! amacrine cell death ! inflammation ! vision loss. The second was complex 1 misfolding ! mitochondrial innate immune response ! inflammation ! vision loss (14) . We test the second idea of increased 'mitochondrial innate immune response' by quantifying these recently described transcripts (cGas, STING, IRG3, TBK1 -data not shown) (40) . However, after finding no statistically significant increase in these transcripts in the Ndufs4 KO, we concluded that this second pathway is unlikely to be correct and now favor the first hypothesis.
Here we showed by dosing these approved drugs in vivo that vision loss is suppressed, SBACs were protected from death, and the inflammatory and innate immune and microglial reactivity caused by the mitochondrial defects was reduced, in some cases to the wild type level. Papaverine and zolpidem are potential novel therapeutics for complex 1-deficiency driven optic neuropathy as seen in LHON, ADOA, and POAG, because of their mitoprotective function in vitro and protection from mitochondrial deficiency in vivo. They are approved in either US or Europe or both, and zolpidem is conveniently available as an orally-dosed agent, and these two drugs could be considered for human clinical trials for effectiveness in mitochondrial optic neuropathies. This is just a starting point in which future directions will be aimed at developing more potent analogs of these drugs with reduced side effects and to also consider combinations of these drugs as it is expected that there would be an additive effect of treatment with papaverine and zolpidem 
Materials and Methods
Animal
The Ndufs4 KO mice were generously gifted from Zhengui Xia and Richard Palmiter from the University of Washington. All experiments were performed in accordance with the National Institutes of Health and institutional guidelines regarding animal use and were approved by the Animal Care and Use Committee of the University of California, Davis (IACUC). Animals were housed in an approved animal facility and food and water was provided ad libitum. Mice were weaned at postnatal 21 days (P21) at which time they would be placed in drug groups to receive systemic intraperitoneal injects of either vehicle or one of four drugs (papaverine, zolpidem, rapamycin, or idebenone). The number of wild type mice used was 8 and the numbers of Ndufs4 KO mice were 8 vehicle treated, 7 papaverine treated, 6 zolpidem treated, 6 rapamycin treated, and 5 idebenone treated.
Drug formulation
Papaverine, zolpidem, and rapamycin was dissolved in DMSO and diluted with PBS (0.5% DMSO), 5% PEG-400, and 5% Tween-20 to a reach a dose of 20 mg/kg for papaverine and zolpidem, and 8 mg/kg for rapamycin. The solution was then sterile filtered, aliquoted, and stored at -80 C for long-term storage. Idebenone powder was mixed with a gelatin solution to a dose of 200 mg/kg and formed into a jelly that the mice consumed orally. Jelly portions were consumed within 5 min of placing the jelly in the cage. Doses were administered everyday starting at P21 and ending at P35.
Visual cliff
A clear 75 Â 75 cm acrylic box was constructed with a checkered board pattern on 1/3 of the box and the remainder of the box was clear and hung over a table. The same checkerboard pattern was placed on the floor 100 cm below the box to create a sense of depth, this created an illusion of a 'cliff.' To start the test a mouse was placed on the back end of the box furthest away from the 'cliff' (17) . The mouse was allowed to move freely and was recorded on video for analysis. A 1-min time period was initiated once the mouse reached the 'cliff'. Analysis of the videos involved counting the number edge detections (arrive at edge, hesitate, and move away from edge) in that 1-min period. Blind analysis of randomized videos was performed by two investigators (Alfred Yu and Marissa McMackin) to remove bias. Significance was determined by two-tailed Student's t-Test, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
Slow angled-descent forepaw grasping (SLAG)
After visual cliff testing, visual function was confirmed by slow angled-descent forepaw grasping (SLAG) test (18) . A clean stainlesssteel cage lid was placed on a counter top with one edge placed at an upward angle. Each mouse was suspended by their tail above the cage lid and was slowly lowered diagonally passing over the edge of the wire cage. The cage lid remained in the mouse's visual field throughout the descent. Each mouse was kept at a distance away from the cage lid that prohibited their whiskers from making contact with the cage lid. SLAG(þ) mice displayed a directed and sustained reaching of the forepaws toward the edge of the cage lid, whereas, SLAG(-) mice did not display this behavior. Statistical significance was determined by Chi-square analysis, *P < 0.05.
Electroretinogram
Mice were dark adapted overnight prior to ERG testing. Mice were then anesthetized with ketamine and xylazine and their eyes were dilated with 1% tropicamide and 2.5% phenylephrine. Post hoc analysis was performed by measuring the a-wave (baseline to a-wave trough) and b-wave (a-wave trough to b-wave peak) amplitudes. Significance was determined by two-tailed Student's t-test, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
qRT-PCR
Retinas were surgically extracted from each mouse and placed in RNALater. RNA was isolated from the retinas by column purification (Qiagen). cDNA was then synthesized (Bio-RAD) and used in qRT-PCR. Primer template (Supplementary Material), SensiFast mastermix (Bioline), and cDNA were combined for a final volume of 10 microliters. Fluorescence of the qRT-PCR product was detected by SYBR green using the LightCyler 480 (Roche). Cycle threshold (Ct) value was then converted to delta delta Ct of the target of interest over housekeeping genes (Actb and Mapk1). Significance was determined by two-tailed Student's t-test, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
Immunofluorescence
Whole eyes from mice were surgically extracted and punctured with a 30 g needle at the nasal limbus and then placed in 4% paraformaldehyde for 30 min. Retinas were then removed from the eye by dissecting off the cornea and removing the lens. Four slits were cut into the retina to create a petal shape and orientation was maintained by notching the nasal leaflet. The retinal cup was then placed in fresh 4% paraformaldehyde for 40 min. Retinas were then washed with PBS. Blocking was applied to the retina overnight, followed by primary antibody (ChAT and Iba1) for 2 days. Retinas were then washed well with PBS-Tween and secondary antibody was applied and incubated overnight. Retinas were washed in PBS-Tween for two days and DAPI counterstain was applied for 10 min. Retinas were then flattened onto a slide with fluorescent mounting media and sealed with a coverslip. Retinas were then imaged using the Leica TCS SP8 confocal microscope. Z-stacks were set beginning at the innermost portion of the inner nuclear layer and ending at the end of the ganglion cell layer. 3 D images were then analyzed with Imaris software. In the software, the spots tool was used to count ChAT-positive SBACs and the surface tool was used to create surfaces of the Iba1-positive microglia and the surface volume was measured in voxels. Significance was determined by two-tailed Student's t-test, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
Supplementary Material
Supplementary Material is available at HMG online.
